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(54) Low-side bidirectional battery disconnect switch 



(57) A bidirectional battery disconnect switch , i.e. , a 
switch which is capable of blocking a voltage in either 
direction when open and conducting a current in either 
direction when closed, is disclosed. The switch includes 



a four-terminal MOSFET having no source/body short 
and circuitry for assuring that the body is shorted to 
whichever of the source/drain terminals of the MOSFET 
is biased at a lower voltage. 
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Description 



5 4?0 h i S ,? P £ iCati ° n ^ fel M ed l ° US Ap P' ica,ion Serial No. 08/160,560, filed November 30 1993 now U S Patent No 
IS^t ^T bubl ^ 655837 >. US Application Serial No. 08/160,539, filed Novembe^ 1993 7ep 0 

reference tX^S ^ ^ fMed ^ 29 1 " 4 ' each " *"* » **«£^J*£ 

en^X^r^aTT^n^T^ 3nd ' pMr > t0 batter V dis — « bitches that are 

entirely bidirectional, i.e., capable of blocking or conducing a current in either direction 

a tJS^SZ^S^ ! h bidir ! Cti ° n !' SWitCh ,h3t iS US6d f ° r enablin9 ° r disabli "9 a ™™< f'ow between 
th»„ ho k » „ f * 3nd 3 battery Charger Since the batte( V char 9er may provide a voltage that is oreater 
than the battery voltage the switch must be able to prevent a current flow friar, the charger to the battel when the 

the £1 T T- COnV6rSely ' ,he SWi,Ch mUSt be able to block a cu " ent fl °w in the opposite Son when 

^T 0 ^ ^,! n SWitCh iS tUmed 0n ' in most situa «°ns the switch must be capable of conducting a current in 

D uriyio normal TV" ^ " ^^i" 9 ' 3 CUrrem ^ f ^ th * ^ Char 9- S^thTsSSS^SS; 
During normal operation, a current flows through the switch in the opposite direction from the batterv to fhP S 
Accordingly the purpose of the battery disconnect switch is to provide a means to ena^ZeZ^Z^^ 
between a battery and other electrical devices, regardless of the current or voltage to JJ^STi^fSj 

■» «>»°wing functions: prevent 

While conventional power MOSFETs (in which the source and body are shorted) mav be ussd to form a k « 
disconnect switch the presence of a single P-N junction diode between L 

source! L a T b ' dlreCtional current blocki "9- Since bidirectional current blocking between Jo or more JZer 

sources ,s a necessary function of all battery disconnect switches, the use of discrete power MOSFPtT™ .ZZTZ l 

' oTthe e s v wL s h be T ed t back r back in series > with erther a <~ — « a . 

MOSFETs 10 antMl °! T ind " dUa ' ^ M ° SFET SuCh 3n ara "9— t is shown in Fig 1^' ein 

MOSFETs 10 and 11 are connected in a common source configuration 

An alternative is to use a symmetrical drifted lateral MOSFET not having a source/body short Such an arranaement 

ZZT^JST"*^ A K PPliCati ° n Na 08/21 9 ' 586 ' A » ion Ser Na^ZSS 
Ser. No. 08/160 560. An example of this type of arrangement is shown in Fig. 1 B wherein a symmetrical MOSfIt °? 

^ is sTmZrSrrr cted ,o , ,he hi9h side of ba,,ery 1 3 and the ° ,her ^ * Sis 

l ihTT ^ T COnneCt6d 10 batt8ry 1 3 is arbrtrari| y referred to as * a drain, and the terTna connect*! 

ba tervTa ZSSS "T" TJ" 9 ™° *"» ° f M ° SFET 12 is Connected to « he "egXe termina of 

battery 1 3, which is normally grounded, so that the drain-to-body diode within MOSFET 1 2 is ^ J h » J tkT 1 

1,1?. ™, L aK "'»- I « , »" i " M Application Serial No. 08/21 9,586 During conduction, me balteiy voltage incra 
as ha reverse braa on lha cocc-lo-boOy ioncllon ol MOSFET 12, Lading ,o Ihe w.,1 kno ra -so* aJeorTanTinT. 
IhreMroJd voltage of the MOSFET increase, Aseuntlng . fixed gate drive vollage, lha body eZteLsW nl nl, 



SUMMARY OF THE INVENTirTNT 



.hp hl a r 0rd h an r T thiS inVenti ° n ' 3 bidirectional batter V disconnect switch (BDS) is connected to the low side of 
bodyS 15 yPICa " y 9r ° Unded BDS inC ' UdeS 3 SWitCh M ° SFET ^ i-ymmetrical, ha^ng no soumel 
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Circuitry is provided to connect the body of the MOSFETto whichever of the switch MOSFET's terminals is biased 
more negatively. In a preferred embodiment, this circuitry includes a pair of MOSFETs. A first MOSFET is connected 
between the battery-side terminal of the switch MOSFET (arbitrarily designated the drain) and the body of the switch 
MOSFET. A second MOSFET is connected between the body of the switch MOSFET and the load-side terminal of the 
5 switch MOSFET (arbitrarily designated the source). The gate of the first MOSFET is connected to the source of the 
switch MOSFET; the gate of the second MOSFET is connected to the drain of the switch MOSFET Accordingly, when 
the drain of the switch MOSFET is at a higher voltage than the source of the switch MOSFET, the second MOSFET is 
turned on and shorts the body and source of the switch MOSFET Conversely, when the source of the switch MOSFET 
is at a higher voltage than the drain of the switch MOSFET, the first MOSFET is turned on and shorts the body and 
10 drain of the switch MOSFET 

The switch MOSFET is turned on by connecting its gate to the positive battery voltage and turned off by grounding 
its gate. In a preferred embodiment, the gate of the switch MOSFET is tied to its body, which is grounded. 

When the switch MOSFET is turned on, the voltage difference between its source and drain is relatively small, 
and neither of the first and second MOSFETs is turned on. This allows the body of the switch MOSFET to float. If 
15 enough current is forced into the body of the switch MOSFET while it is turned on, the body potential of the switch 
MOSFET could conceivably rise above the potential of both its source and drain terminals, thereby forward-biasing 
both its drain-to-body and source-to-body diodes. This could create an excessive source-to-drain current in the switch 
MOSFET and could damage the device. 

A second pair of MOSFETs is used to prevent this from happening. This pair includes a third MOSFET, which is 
20 connected in parallel with the first MOSFET, and a fourth MOSFET, which is connected in parallel with the second 
MOSFET, the respective gates of the third and fourth MOSFETs being tied to the body of the switch MOSFET 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Fig. 1 A illustrates a conventional battery disconnect switch which includes a pair of MOSFETs connected back- 

to-back. 

Fig. 1 B illustrates a prior art battery disconnect switch which includes a single MOSFET not having a conventional 
source/body short. 

Fig. 2 illustrates conceptually a battery disconnect switch in accordance with this invention. 
30 Figs. 3A and 3B illustrate ways in which unwanted conduction may occur in a battery disconnect switch. 

Figs. 4A-4H illustrate the required connection of the body of the MOSFET in the battery disconnect switch, for a 
variety of on and off switch conditions. 

Fig. 5 illustrates a conceptual block diagram of a battery disconnect switch in accordance with this invention, 
including a body bias generator and a current source which represents the body current in the power MOSFET. 
35 Fig. 6 illustrates a circuit diagram of a battery disconnect switch in accordance with this invention. 

Fig. 7 A illustrates the conditions in which the MOSFET linking the body and drain of the switch MOSFET will be 
turned on. 

Fig. 7B illustrates the situation in which the MOSFET linking the body and source of the switch MOSFET will be 
turned on. 

40 Fig. 7C illustrates a circuit diagram of an overcurrent detection circuit for use in conjunction with the battery dis- 

connect switch. 

Fig. 8 illustrates a graph showing the experimentally measured body current in the switch MOSFET as a function 
of gate voltage (V^) for various drain voltages ( V ds ). 

Fig. 9 illustrates a graph showing the gate width of MOSFETs M2 and M3 that is required to sink a specified body 
45 current in the switch MOSFET without forward-biasing the source-to-body diode in the switch MOSFET more than 0.3 V. 

Fig. 10 illustrates a graph showing the current through the switch MOSFET as a function ol the drain-to-source 
voltage at various gate drives. 

Fig. 11 illustrates a graph showing the current-voltage characteristics of MOSFETs M2 and M3 as a function of 
gate drive. 

50 Fig. 12 is a circuit diagram which describes the effect of the body current in the switch MOSFET 

Fig. 13 illustrates a graph showing the drain current l d in the switch MOSFET as a function of the source-to-drain 
voltage V ds for different body currents when MOSFETs M2-M5 are absent and the gate and body of the switch MOSFET 
are tied together. 

Fig. 14 illustrates a graph showing the drain current l d in the switch MOSFET as a function of the source-to-drain 
55 voltage V ds for different body currents l b when MOSFETs M2 and M3 are present. 

Fig. 15 illustrates a graph of the kind shown in Fig. 14 for a body current lb ody = 

32 nA. 

Fig. 16 illustrates a circuit diagram of the operation of MOSFETs M4 and M5. 

Fig. 17 illustrates a current-voltage diagram which compares the characteristics of MOSFETs M4 and M5 with a 
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conventional P-N diode. 

Fig 18 illustrates a diagram which compares the current-voltage characteristics of MOSFETs M4 and M5 with a 
conventional P-N diode and with a Schottky diode. 

M2^I? a 1 n 9 riM U S t S? 8 T Sh °?2 9 thS current - vo,ta 9 e characteristics of the parallel combinations of MOSFETs 
M2/M4 and M3/M5 as a function of the gate drive on MOSFETs M2 and M3, respectively 

Fia Gwitfthl 1 '^ 3 9r3P « h Sh °J in9 current - vo,ta 9 e characteristics of the battery disconnect switch shown in 
Fig. 6 with the switch in an off condition and with a body current 1^ of 30 nA 

Fig. 21 illustrates a graph showing the same information as Fig. 20 with body currents of 20, 40, 60 and 80 uA 

thr ' v? 3 2 raph ShOWin9 ,he V °' tage acrOSS MOSFET M4 or M5 as a '"notion of gate width at various 

threshold voltages V, and with the MOSFET sinking a current of 30 uA 

levels of J* CUrrent " VOlta9e cnaracteristic of the bidirectional switch shown in Fig. 6 for several different 

th„ Fi ? S ' 24 ?~ 24 < ?^ Stfate Cir ° Uit dia 9 rams snowin 9 alternative methods of preventing an excessive voltage across 
the gate oxide of MOSFET M2 or M3 when a battery charger is connected in reverse 

form "SV^TJoT^ Cr ° SS - SeCti ° nal VieWS ° f the circu « s shc ™ in Figs. 24A and 24C, respectively, in the 

at .Ze^ZT^ZT 9 me ,hr9Sh0 ' d V ' " 3 M ° SFET 88 3 ,UnC,i ° n ° f S — °"^V voltage V sb 

Fig. 27 illustrates a block diagram of an alternative embodiment which contains two body bias generators. 
DESCRIPTION OF THE INVENTION 

side^ltith in ,hl 6 ! 8 bid ! r h e f° nal bat,erv disconnect switch 81 in accordance with this invention. Switch Si is a "low 
f 13 COnnec,ed to the " ,ow " or ne 9ative side of a battery B. A load X is connected to the 

high s.de or positive terminal of battery B. Switch S1 includes a switch power MOSFET M1 which is a symmetrical 
Sedlo I ^ COn t Ven,i0n , al short - Th ° "^ina, of MOSFET M1 which is connected ! bSjK 

referred to as the dram terminal, and the terminal of MOSFET M1 which is connected to the load X is referred te fas 

loufdT mo rm ' na , ^ d6Si9nati0nS are SOmewhat M ^ because, switch 81 being bidirectiona eTer termin" 
could be more positive in a given situation. Ul 

anH B 3 "^ disconnect switch S1 also includes a switch S2 connected between the body and drain of MOSFET M1 
and a switch S3 connected between the body and source of MOSFET M1. Switch S2 can be closed and switeh S3 
and ^ ? W ^ n F ' 9 - 2 ° n a,temativel * sw «ch S2 can be open and switch S3 can be closed. Switches S2 

and X Zl^T f H' ta T USly b6CaUSe in ,h3t 6Vent M ° SFET M1 would be sh °n circuited. Switches S2 
voltS Th k ^ ^ ° f M ° SFET M1 t0 Whichever of its drain and source terminals is at a lower 

voltage. Thus, as shown .n Fig. 2, switch S2 would be closed when the drain of MOSFET M1 is at a lower vottaaeTan 
its source^Switch 81 is turned on by applying the voltage at the positive terminal of battery B to thegate erf MOSFET 
Ml . Switch SI ,s turned off by connecting the gate of MOSFET M1 to the body of MOSFET M1 (Dependinq on which 
of switches S2 and S3 is closed, the gate is also connected to the source or drain of MOSFET M l whoever is bTased 
more negatively.) When the gate of MOSFET M1 is connected to the posits terminal of battery B Twrtch S1 is Srned 

Tne^cTanT^ 

this l ^L 9 a ?t S ° f M ° SFET M1 Sh ° Uld be S6leCted toassure that MOSFET M1 is turned off whenever 
Iwttch can ShT k VOlta9eS 31 S ° UrCe ^ dr8in ° f MOSFET M1 U ™ anted c °nduc,ion in an "or 
T;TJ« tn If V Z er T a ' qmg ° r Unavoidable discharging of a battery. The gradual discharging of a battery cell 
shortens the battery life. In some battery technologies such as the lithium ion technology, overdiscWging may acTuahv 
damage the battery cell permanently. Overcharging may also present a safety hazard scnar 9 ,n 9 ma V 

F.gs. 3A and 3B Hlustrate two ways in which unwanted conduction may occur. In Fig. 3A, the body of MOSFET 
M is connected to „s source terminal when the source terminal is biased positively with respect to the draL termfna! 
n h.s situation, a current will flow in MOSFET M1 despite the fact that the MOSFET is turned off, i.e , its ga e fe tied' 

assum^tT 7 ,T P0,ential ' di ° de b6tWeen the b ° dy and drain of MOSFET M1 is forward-bLed and 
In Ro 3B I llT h 3 ^ appr ° achin 9 Zer °- a si 9" ific ant current l diode wi.l flow through MOSFET M1 . 
,k l I „ * ° 9Sr 15 c °nnected in ihe circuit. If battery charger Y has a voltage which is greater than 

of MOSFETMl" 6 h! S ° UrCe ° f M ° SFET M1 Wi " be ne9a,iVely biaS6d With — < *E He're t e body 
ofMOSFET Ml isshortodtoits source but its gate is connected to the more positively biased drain of MOSFET M1 - 

d MOSFET ^ f SFET M1 n there, ° re 6qUal ,0 th9 diffSrSnCe bStWeen W and V ban . ( I, ,he on resfstance 
current to flow through MOSFET M1 even though its gate is at ground potential 

^J"T W ° rS f ^ ! Combinatlon of improper body and gate connections in MOSFET M1 , as a result of which both a 
channel current and a diode current may flow through MOSFET M1 
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Accordingly, a battery disconnect switch in its off condition must prevent a channel current while preventing either 
of its intrinsic P-N body diodes from becoming forward-biased. Even in the "on state", it is desirable for the intrinsic 
diodes in the MOSFET to remain reverse-biased. In accordance with this invention, the solution to this problem is to 
provide circuitry which in effect determines whether the source or the drain of the MOSFET is more negative and then 
s connects the body of the MOSFET to the more negative potential, thereby shunting the forward-biased diode by another 
smaller MOSFET The other diode in the MOSFET then is reverse-biased, and parasitic conduction is avoided. 

Figs. 4A-4H illustrate the required body connection for a variety of on and off switch conditions. Fig. 4A shows the 
normal condition in which the load X is connected to the circuit and the switch S1 is turned on. The voltage across the 
switch S1 is therefore relatively small. Nonetheless, the battery side (drain) of the switch S1 is at the more negative 
io potential, and the body must therefore be connected to the drain of MOSFET M1 . The gate of the MOSFET is connected 
to V,^. In the comparable "off" situation illustrated in Fig. 4B, essentially the entire battery voltage appears across 
switch S1 . The gate of MOSFET M1 is connected to its body, which is shorted to its drain. 

Figs. 4C and 4D illustrate the situation in which the load is shorted. Assuming that switch S1 is turned on when 
the short occurs, the entire battery voltage will be present momentarily across MOSFET Ml. Since the gate and drain 
15 of MOSFET M1 are shorted, MOSFET M1 saturates and dissipates high power levels. If this is left unchecked, heating 
will quickly destroy the device, assuming that the bond wires can handle the current. If the overcurrent condition is 
detected by the drive circuitry (see Fig. 7C), the MOSFET can be quickly turned off by shorting its gate to its body, as 
shown in Fig. 4D. In the off condition, MOSFET Ml withstands the voltage V batt across its terminals. 

The highest voltages appear across switch S1 when battery charger Y is connected in reverse. At the onset of the 
20 reverse connection, when switch S1 is on, a high current results. This situation is illustrated in Fig. 4E and is similar 
to the situation shown in Fig. 4C. The maximum voltage present momentarily across switch S1 depends on the current- 
voltage characteristics of charger Y. The maximum voltage will be in the range between V batt and 2V batt . After the fault 
condition is detected and switch S1 is opened, as shown in Fig. 4F, the current through switch S1 drops to zero. In this 
condition, switch S1 encounters the summation of V batt and the voltage across the battery charger, which may be as 
25 high as 2V batt . The terminal of M1 connected to the charger (i.e., the "source" terminal) becomes the more positive 
terminal and the "drain" terminal becomes the more negative terminal of MOSFET M1. The body of MOSFET M1 
should therefore be shorted to its drain terminal. Provided that proper gate control circuitry is included, that circuitry 
detects the overcurrent condition and opens switch S1 , as in the case of a shorted load (Fig. 4C). The maximum voltage 
across switch S1 in the shorted load case, however, is only V balt , while the voltage in the case of a reversed battery 
30 charger is potentially twice that value. If the battery charger has a high series resistance, the discharging current may 
not trip the overcurrent protection circuitry, in which case the battery charge will be depleted. 

Figs. 4G and 4H show the situation with battery charger Y properly connected. As the battery voltage increases 
during current-limited charging, so too does the charger voltage. In this case, the body of switch S1 should theoretically 
be tied to its drain, since the drain is most negatively biased. In reality, the body connection during conduction is 
35 relatively unimportant because the voltage drop across switch S1 is very small. 

When battery charger Y no longer supplies a charging current as shown in Fig. 4H, either due to overcharging of 
battery B or some fault condition, the voltage of battery charger Y will likely increase to a voltage larger than the battery 
voltage, i.e., V charger is greater than V batt . Since the battery B and charger Y share a common positive terminal, the 
charger Y pushes the drain of switch S1 to a voltage below the negative terminal of battery B. That is, the drain of 
40 MOSFET M1 becomes the most negatively biased point in the circuit. The body of MOSFET M1 must therefore be 
connected to the drain to avoid unwanted conduction. The voltage across switch S1 is equal to the difference between 
v*charger and V batt . At the commencement of charging this voltage difference could be as high as 8.0 to 9 V. After 
charging, the difference would typically be no greater than 0.5 V, depending on the type of battery charger. 

To summarize the situations illustrated in Figs. 4A-4H, the only condition where the body of MOSFET M1 is not 
45 connected to the negative terminal of battery B (i.e., the "drain" of the MOSFET) is where a battery charger is connected 
in a correct polarity. In the latter event, the body of MOSFET Ml is connected to the negative terminal of the charger 
(i.e., the "source" of the MOSFET). Whenever switch S1 is turned on, its gate is biased to the positive battery voltage 
(Vbatt) and wnen switch S1 is turned off, its gate is tied to its body. 

Thus, what is needed to perform this function is a pair of switches that will short the body of the MOSFET to either 
50 the source or drain terminal, whichever is biased more negatively. In addition, the switches must satisfy the following 
conditions: 

1 . The switches should never be on at the same time or they will provide a path parallel to the power MOSFET 
which will allow a leakage to flow in the battery disconnect switch in its off state. 
55 2. The switches cannot allow the voltage of the body to float without risking conduction in the MOSFET due to 

subthreshold channel conduction or forward-biasing of one of its intrinsic diodes. In subthreshold conduction (where 
the gate of the MOSFET is tied to its body), a gate-to-body voltage which turns on the MOSFET develops anytime 
the gate floats to a potential more positive than the source. Even at 0.5 V of enhancement, the large transcon- 
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xtzszsszsssx kss=ss-*» —.sss.-x; 

.ha J!S^^^^^^ 1 ^I d,tt, b ° dy ° f M ° SFET M1 ' and MOSFET M3 is connected between 

rjSS^^SiS^TJS mT t 6 S ° UrCe ' ermina,S ° f M ° SFETS M2 and M3 bein 9 connected ««» the body 
77. ! MOSFETs M2 and M3 contain a conventional source-body short The aate of MOSFFT \ao « ~J 

u£^rJ^ SFEJ M1 " 9816 ° f MOSFET M3 iS 2 MOSFET M f " C °"" 

mJSSTS? 1« u connected in parallel with MOSFETs M2 and M3, respectively The gate terminals of 

MOSFETs Z ^r Ve i C ° nneC,ed in COmm ° n l ° ,he b ° dy °' MOSFET M1 The source anTb^^naS 
SSSx^o T Sh ° rted in thS conventi °nal manner to the body of MOSFET M1 . ^ 

of MOSFPT M1 t , ? ° n t0 Sh ° rt the b ° dy ° f MOSFET M1 to whichever of the source and drain terminals 

on (F,g. 7B) vrtianevar Ihe voltaga at the drain exceeds t he voltaoe at the soure. ol unSc™, , „T T 

me voltage at the source is lower than the voltage at the drain of MOSFET M1 Th..c th^ ^ ^ ♦ Z 
MOSFETs M2 and M3 satisfy condition (1) above, namely .^body S MOSFET M1 s tem^d to SvToTthe 

ample, a overcurrent detection circuit may be required o d ive ?h1 aate o Sfp m , V k ^ f ° r ^ 
Ml of,, when the ,oad is shorted. Such i ^^JS^^ R ^^ 
wh,ch exceeds a predetermined threshold when an excess^e current f ,ows ^^F^^^IX^ 
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detected by a comparator S which delivers an output signal through an OR gate T to an input of an inverter U. Inverter 
U delivers an output which in effect clamps the gate and body of MOSFET M1 . As described elsewhere, this turns 
MOSFET M1 off. Absent an overcurrent condition, a gate control signal delivered to another input of OR gate T controls 
the gate of MOSFET M1. When the gate control signal is low, inverter U applies V batt to the gate of MOSFET M1, 

s turning MOSFET M1 on; when the gate control signal is high the gate and body of MOSFET M1 are tied together. 
Comparator S, OR gate T and inverter U may be included in an integrated circuit, and body bias generator may prevent 
the forward-biasing of diodes in the integrated circuit. Numerous other methods of controlling the gate of MOSFET Ml 
so as to satisfy various conditions are known in the art. 

Aside from holding the body to the most negative potential in the off state, MOSFETs M2 and M3 must maintain 

io a proper bias of the body of MOSFET M1 in the presence of any impact ionization. Impact ionization occurs in a 
MOSFET when both current and large voltages are simultaneously present. Such a condition requires the MOSFET 
to be in its saturation region of operation. Since MOSFET M1 would typically have a low on-resistance and large 
channel width, the transconductance of the device is very high. Even a modest gate drive puts the device well into its 
linear region of operation. Accordingly, saturation can only occur when the device is biased with its gate potential near 

*5 threshold during a transient. 

Fig. 8 illustrates an experimentally measured body current (l body ) in MOSFET M1 as a function of gate drive (V gs ) 
for various drain biases (V ds ). For gate potentials above 1 .4 V, the device comes out ol saturation, the electric fields 
in the device drop and the body current drops precipitously. When V gs is near zero, the body current is low even though 
the fields are high. In between these regions is a peak in impact ionization and therefore body current, since conduction 

20 current is flowing through regions of high electric field. The effect of impact ionization induced substrate current is 
discussed in S.M. Sze, Physics of Semiconductor Devices, 2nd Ed., Wiley (1981), pp. 482-486. The maximum body 
current occurs when = 1.3 V. When V ds is equal to 8 V, the maximum body current is around 3 mA. If the device 
were to conduct current with a of 16 V, the ionization current increases to several hundred milliamps. These currents 
are, of course : transient in nature. (The device tested was the V30042 manufactured by Siliconix incorporated.) 

25 Fig. 9 illustrates the relationship between the gate width of MOSFET M2 or M3 and the body current l body of 

MOSFET M1 . of tne MOSFET was 0.3 V and V gs was 8.4 V. Fig. 9 shows that the larger the gate width of the 
MOSFET, the higher the current it can sink without developing any appreciable voltage drop. Using a design criterion 
of sinking a current transient of at least 100 mA without generating a forward-bias of more than 0.3 V on the source- 
to-body diode of MOSFET M1 , a gate width of at least 10 K jim is prescribed. Safe operation was confirmed expen- 
se mentally under these conditions using a device having a gate width of 11 ,700 um 

MOSFETs M2 and M3 also need to prevent forward-biasing of either of the intrinsic diodes in MOSFET M1 when 
MOSFET M1 approaches the so-called sustaining voltage of its parasitic bipolar transistor. This sustaining voltage of 
MOSFET M1 is shown in Fig. 10, again using a V30042. In Fig. 10, the horizontal axis represents the drain-to-source 
voltage V ds of MOSFET M1 and the vertical axis represents the drain current l d of MOSFET M1. The respective curves 

55 represent l d as a function of as the gate drive V gs varies in increments of 50 mV from 1050 mV to 1450 mV. 

When the drain-to-source voltage V ds of MOSFET M1 drops below the threshold voltages of MOSFETs M2 and 
M3, the latter turn off and allow the body of MOSFET M1 to float. Fig. 11 illustrates the current-voltage characteristics 
of one of MOSFETs M2 and M3 as a function of gate drive, as the gate drive (V gs ) varies from 0 V (far right curve) to 
2 V. For V gs < 1 .4 V, several hundred millivolts may develop across one of the intrinsic diodes of MOSFET M1 . When 

40 MOSFET M1 is fully turned on, its total may be only 100 mV, in which case the gate drive V gs of MOSFET M2 or 
M3 is also close to zero, and the body of MOSFET M1 could float to a full diode voltage of 640 mV as shown in the 
far right curve in Fig. 11. If no body current were flowing in MOSFET M1 , the lack of a gate drive on MOSFET M2 or 
M3 would not be a problem, because even a small amount of gate enhancement would turn on MOSFET M2 or M3 
slightly, and force the body voltage of MOSFET M1 to the most negative potential. 

45 However, since the IC represented by current source 51 (Fig. 5) also generates current, and some of this current 

is necessarily carried by the body of MOSFET M1 , the body voltage of MOSFET M1 will tend to rise above the lower 
of its source and drain voltages. If enough current is forced into the body of MOSFET M1 in its on condition, it is 
conceivable that the voltage of the body could rise above both source and drain, forward-biasing both junctions. In 
fact, anytime the voltage across switch S6 becomes small, MOSFETs M2 and M3 cannot by themselves keep the 

so intrinsic diodes in MOSFET M1 from becoming forward-biased. The resulting drain current l d in MOSFET M1 should 
be small, since the p of the parasitic bipolar transistor is low. The observed current is much higher, however, due to 
channel conduction in MOSFET M1. 

This is illustrated in Fig. 1 2, wherein current source 51 again represents the body current l body forced into MOSFET 
M1 by an external source. Assume that the gate of MOSFET M1 is tied to its body and the device is turned off. Sinking 

55 a current into the body terminal results in a slight forward -biasing of the body-to-drain diode with a voltage V bd . The 
value of V bd is determined by the following equation: 
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v bd = isT ln ^ 

o W f h a e diode 13 B ° ,tZmann ' S C ° nS,ant ' T " temPera,Ure " ° C ' ° iS ,h ° Char 9 e of an ete "™ «d l 0 is the saturation current 
MOSFET Ml . small, the dev,c. ,s saturated. Ev.n ionothg subthreshold conduction, Ihs resulting cd„en. is M lejst 

shift in V, caused by the body effect. Because the gate width W of MOSFET Ml is large fhtahfcSSj ^ntm in 

F.g. 14 shows the same data when MOSFETs M2 and M3 (but not MOSFETs M4 or M5) are connect Th. 

by a curve tracer, the double line in the curves results from the capacitance of the body. 

Despite these favorable results, it is still desirable to limit even further the ability of the bodv of MOSFET M1 ,n 

estate 's^ssstjss * —* - ^ — r < ™-° 

rtmnTf Ll 6 K IS i S ^! m » C di89ram ° f MOSFET M4 or M5 ^ connected in the circuit shown in Fig 6 Since the aate 

at the junction between the source diffusion and the body diffusion is ^^2,^ ^ 
This is sometimes referred to as the "anti-body effect", and it occurs in every MOSFET when it is operated in QuaZnt 
3 negative V ds and l d ). The anti-body effect is normally negligible because it is vernal VeXe^o fhe 22S3 
vottage or the enhancement (gate drive) voltage. When the gate, drain and body of a MOSF E T^navlrxi a laroe 

P N d.ode. This voltage drop Vds , which is lower than V t0 , can be expressed as follows: onventionai 

40 v ds = v t0 + y{V2vv7 b .72$ f} = v sb 

T-0 02e UiS ^nTstSfnl •* ■ ^ ^ P ° temia ' (d8p8nd8 lo 9 arith ™aKy on the doping N A of the body, i e 
<p f - 0.026 In — where n f is the intrinsic carrier concentration of silicon), and V sb is the source-to-bodv volt™* Fin it 

L a ri C T n ; Vd r a9e di39ram WhiCh C ° mpareS the characteristics °f MOSFETs |J^^^1^2S^Vn 

2 0 Ivl^lSZVa^T *° P T M ° SFETS M4 " M5 ^ ,hey are '—^"ased is a P «e.y 
th«^„«f, 9 ° P a ° r0SS 3 fo ™ard-biased junction diode. The actual conduction in the MOSFET s 

Ire ^tinSgraSe n0t m ' n ° ri,y ^ ^ S ° M ° SFET iS a ' S ° ^ ^ M — MOSFETs Sfand M5 
men* 9 , ^^^J^^"^^ *"—<"•- °< a normal P-N diode, two embodi- 
In some embodiments a Schottky or other type of diode could be substituted for each of MOSFETs M4 and M5 

M1 to about O 4?0 ,n m ! R 1 ST TV" T M3 ' M ° SFETS M4 and M5 ** the " m bod^volfage ot MOSFET 
M2/M4 »n f ?" 3 ,he curren, - vol, ase characteristics of the parallel combinations of MOSFETs 
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A family of current-voltage curves for MOSFET M1 is shown in Fig. 21 . The four curves are for an l body of 20 uA 
40 uA, 60 uA and 80 uA (The curves are actually symmetrical about the point of origin; the offset on the vertical (l d ) 
axis in Quadrant III is an artifact of the current sense circuit of the curve tracer, which is referenced to ground. In 
Quadrant I (positive drain voltage and current), the base bias generator current does not flow through the sense resistor 
5 and does not appear in the curves. In Quadrant III (negative drain voltage and current), the current through the base 
bias generator (which is still more positive than ground) flows through the sense resistor, causing a constant offset in 
drain current for each of the curves.) 

Like MOSFETs M2 and M3, the size of MOSFETs M4 and M5 can be adjusted to accommodate more current. The 
data shown previously assume a gate width of 10,000 urn for MOSFETs M4 and M5. The simulated data in Fig. 22 
fo show that this gate width corresponds to a voltage drop of about 400 mV. The drain current l d was 30 uA Some 
oversizing of MOSFETs M4 and M5 may be desirable to accommodate for manufacturing variations in the threshold 
voltage. 

The net current-voltage characteristics of battery disconnect switch S6, including MOSFETs M2 and M3 and MOS- 
FETs M4 and M5, is shown in Fig. 23. Note the inflection in the lower curves at about 150 mV. 

is When a battery charger is connected in reverse, as shown in Fig. 4R the total voltage across the battery disconnect 

switch may reach approximately 16.8 V (assuming an 8.4 V battery). This voltage typically exceeds the maximum 
voltage allowed on the gate of MOSFET M2. While a voltage of 16.8 V will not rupture the gate oxide of MOSFET M2, 
for long-term reliability of the device it is desirable to clamp this gate voltage at around 15 V (assuming a gate oxide 
thickness of 400 A). Figs. 24A and 24B illustrate two arrangements for accomplishing this. 

20 in Fig. 24A a zener diode D1 is connected between the body of MOSFET M1 and the gate of MOSFET M2, and 

a current-limiting resistor R1 is connected between the source of MOSFET M1 and the gate of MOSFET M2. If it is 
desired to clamp the gate voltage of MOSFET M2 at 15 V, zener diode D1 should have a breakdown voltage of 15 V 
Zener diode can easily be integrated into a discrete battery disconnect switch without requiring any additional external 
connections. The current at breakdown of diode D1 can be limited to the u-A level by making resistor R1 a high value 

25 (small area) drift resistor (i.e., the N-drift implant used in the formation of the symmetrically drifted MOSFET M1 may 
be used as a high sheet resistance small area resistor). The only time that diode D1 will experience avalanche break- 
down is during a reverse charger connection where the sum of the charger and battery voltages exceed its breakdown 
voltage. Otherwise, diode D1 remains off and actually provides some degree of ESD protection to the gate of MOSFET 
M1. 

30 In Fig. 24B, a cascode N-channel MOSFET M6 is connected into the circuit. MOSFET M6 is a four-terminal device 

with no source/body short. The source/drain terminals of MOSFET M6 are connected to the source of MOSFET M1 
and gate of MOSFET M2, respectively; the body of MOSFET M6 is connected to the body of MOSFET M1; and the 
gate of MOSFET M6 is connected to the positive terminal of battery B, a fact which makes it advantageous to implement 
body bias generator 50 inside the control IC. Fig. 24C shows a similar circuit in which MOSFET M6 is connected at a 

35 different position in the current path from the positive terminal of battery charger Y to the gate of MOSFET M2. This 
arrangement has the advantage that the resistance of MOSFET M6 does not appear in the current path through MOS- 
FETs M4 and M5 in parallel with the conduction path through MOSFET M1 . 

Fig. 25A shows a cross-sectional view of an integrated circuit embodiment of the circuit shown in Fig. 24A. Each 
of MOSFETs M1 -M5 and zener diode D1 is shown schematically above the corresponding device in a P-epitaxial layer 

40 100, which is formed on a P+ substrate 101. As indicated, MOSFET M1 is a four-terminal device having no source/ 
body short, while MOSFETs M2-M5 each contain a source/body short. Field oxide regions separate MOSFET M1, 
MOSFETs M2 and M3, MOSFETs M4 and M5 and diode D1 , respectively. As shown by the dashed line, the connection 
of diode D1 into the circuit is optional. MOSFETs M4 and M5 have threshold adjustment implants in accordance with 
the teachings of the above-referenced Application Serial No. 08/160,539. 

45 MOSFETs M4 and M5 may optionally be formed in a P-well having a dopant concentration higher than that of P- 

epitaxial layer 100. The higher concentration of P-type ions raises the body factor y of MOSFETs M4 and M5, without 
substantially increasing their threshold voltage, and therefore causes MOSFETs M4 and M5 to turn on more quickly 
as the voltage at the body of MOSFET M1 increases (in a negative direction). This is desirable in order to prevent the 
intrinsic diodes in MOSFET M1 from becoming forward-biased. This is apparent from Fig. 26, which illustrates a graph 

50 showing the threshold voltage V t of a MOSFET as a function of the source-to-body voltage V sb at two levels of the 
body factor y. In Quadrant I, where MOSFET M1 operates, a lower y provides a lower V t at a given V sb . In Quadrant 
III, where MOSFETs M4 and M5 operate, a higher y provides a lower V, at a given V sb . 
Fig. 25B is a similar drawing showing the circuit of Fig. 24C in integrated circuit form. 

MOSFETs M1 and MOSFETs M2-M5 (body bias generator 50) may be formed as a discrete device separate from 
55 the gate control circuitry (e.g., comparator S, OR gate T and inverter U shown in Fig. 7C), which may be formed on an 
IC; or body bias generator may be formed on the IC with the gate control circuitry and MOSFET M1 may be a discrete 
element. 

In the alternative embodiment shown in Fig. 27, a second body bias generator 50A, matched to body bias generator 
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50, is included in an integrated circuit Z along with the gate control circuitry. The output of body bias generator 50A is 
used to drive the gate of MOSFET M1 via inverter U Since body bias generator 50 and 50A are matched, a "virtual" 
connection is established between the gate and body of MOSFET M1 when MOSFET M1 is turned off. Body bias 
generator 50A also prevents diodes within integrated circuit Z from becoming forward biased. Body bias generator 50 
could also be included in integrated circuit Z. 

While specific embodiments of this invention have been described, it is understood that these embodiments are 
illustrative and not limiting. The broad scope of this invention is limited only by the following claims. 



io Claims 

1. A battery disconnect switch comprising: 



15 



a first MOSFET comprising a first terminal, a second terminal, a body and a gate; 

a second MOSFET connected between said first terminal and said body and having a gate connected to said 
second terminal; 

a third MOSFET connected between said body and said second terminal and having a gate connected to said 
first terminal; and 

a fourth MOSFET connected between said first terminal and said body, a gate of said fourth MOSFET being 
20 connected to said body. 

2. The battery disconnect switch of Claim 1 further comprising a fifth MOSFET connected between said body and 
said second terminal, a gate of said fifth MOSFET being connected to said body. 

25 3. The battery disconnect switch of Claim 2 wherein each of said fourth and fifth MOSFETs include a source/bodv 
short. 

4. The battery disconnect switch of Claims 1 or 2 wherein said gate and said body of said first MOSFET are connected 
together when said switch is turned off. 

30 

5. The battery disconnect switch of Claim 4 further comprising a zener diode connected between said body and said 
second terminal of said first MOSFET. 

6. The battery disconnect switch of Claim 2 further comprising a sixth MOSFET connected between said second 
35 terminal and said gate of said second MOSFET 

7. The battery disconnect switch of Claim 6 wherein a body of said sixth MOSFET is connected to said bodv of said 
first MOSFET. 



40 



45 



A battery disconnect switch comprising a MOSFET, a first switch and a first voltage clamp being connected in 
parallel between a first terminal and a body of said MOSFET, and a second switch being connected between a 
second terminal and a body of said MOSFET, said first switch being closed when a voltage at said second terminal 
exceeds a voltage at said first terminal by more than a predetermined amount, said second switch being closed 
when said voltage at said first terminal exceeds a voltage at said second terminal by more than a predetermined 
amount, said voltage clamp being for clamping said voltage at said body to a level within a predetermined range 
of a voltage at said first terminal when both of said first and second switches are open. 



9. 



The battery disconnect switch of Claim 8 further comprising a first voltage clamp for clamping said voltage at said 
body to a level within a predetermined range of a voltage at said first terminal when both of said first and second 
50 switches are open. 

10. The battery disconnect switch of Claim 9 further comprising a second voltage clamp connected between said 
sec °nd terminal and said body forclamp^ 

a voltage at said second terminal when both of said first and second switches are open 

55 

11. A combination comprising: 

a battery; 
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a load supplied by said battery; and 

a battery disconnect switch, said battery, said load and said battery disconnect switch being connected in 
series in a power supply circuit, said battery disconnect switch being connected between a negative terminal 
of said battery and said load, a first portion of said circuit extending between said negative terminal of said 
5 battery and said battery disconnect switch, and a second portion of said circuit extending between said battery 

disconnect switch and said load, said battery disconnect switch comprising: 

a first MOSFET, a gate of said first MOSFET being connected to a point in said circuit located between a 
positive terminal of said battery and said load when said switch is turned on; 
10 a second MOSFET connected between said first portion of said circuit and said base of said first MOSFET 

a gate of said second MOSFET being connected to said second portion of said circuit; 
a third MOSFET connected between said second portion of said circuit and said base of said first MOSFET 
a gate of said third MOSFET being connected to said first portion of said circuit. 

is 12. The battery disconnect switch of Claim 11 wherein said gate of said first MOSFET is connected to a body of said 
first MOSFET when said switch is turned off. 

13. The battery disconnect switch of Claim 1 2 further comprising a switch for connecting said body of said first MOSFET 
to said negative terminal of said battery. 



20 



14. A combination comprising: 



a battery; 

a battery charger for supplying power to said battery; and 
25 a battery disconnect switch, said battery, said battery charger and said battery disconnect switch being con- 

nected in series in a power supply circuit, said battery disconnect switch being connected between a negative 
terminal of said battery and said battery charger, a first portion of said circuit extending between said negative 
terminal of said battery and said battery disconnect switch, and a second portion of said circuit extending 
between said battery disconnect switch and said battery charger, said battery disconnect switch comprising: 

30 

a first MOSFET, a gate of said first MOSFET being connected to a point in said circuit located between a 
positive terminal of said battery and said battery charger when said switch is turned on; 
a second MOSFET connected between said first portion of said circuit and said base of said first MOSFET, 
a gate of said second MOSFET being connected to said second portion of said circuit; 
35 a third MOSFET connected between said second portion of said circuit and said base of said first MOSFET 

a gate of said third MOSFET being connected to said first portion of said circuit, said switch further com- 
prising a body bias generator for connecting a body of said MOSFET to a terminal of said battery charger 
when said battery charger is properly connected to said battery. 

40 15. The battery disconnect switch of Claim 14 wherein the body bias generator connects said body to said negative 
terminal of said battery when said battery charger is reverse connected. 

16. An arrangement comprising: 

45 a battery; 

a MOSFET having a drain terminal connected to a negative terminal of said battery; 

a first body bias generator connected to said drain terminal and a source terminal of said MOSFET said body 
bias generator biasing a body of said MOSFET to a lower of a voltage at said drain and source terminals of 
said MOSFET; and 
so an integrated circuit comprising: 

a second body bias generator connected to said drain terminal and a source terminal of said MOSFET; 
an inverter, a first input of said inverter being connected to a positive terminal of said battery and a second 
input of said inverter being connected to an output of said second body bias generator, an output of said 
55 inverter being connected to a gate of said MOSFET 

wherein said MOSFET and said first body bias generator are included in a discrete device separate from said 
integrated circuit. 
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17. The arrangement of Claim 16 further comprising a current level detector connected in series with said MOSFET 
an output of said current level detector being connected to an input of said inverter. 

18. The arrangement of Claim 16 wherein said second body bias generator forms a virtual connection between said 
body and said gate of said MOSFET when said MOSFET is turned off. 

19. A battery disconnect switch comprising: 

a first MOSFET comprising a first terminal, a second terminal, a body and a gate; 

a second MOSFET connected between said first terminal and said body and having a gate connected to said 
second terminal, a body of said second MOSFET being shorted to said body of said first MOSFET; 
a third MOSFET connected between said body and said second terminal and having a gate connected to said 
first terminal, a body of said third MOSFET being shorted to said body of said first MOSFET; 
wherein said second and third MOSFETs are structured such that both of said second and third MOSFETs 
are turned off whenever a voltage at said first terminal is within a predetermined interval above or a predeter- 
mined interval below a voltage at said second terminal, said intervals defining a deadband voltage range. 

20. A battery disconnect switch comprising: 

a first MOSFET comprising a first terminal, a second terminal, a body and a gate; 

a second MOSFET connected between said first terminal and said body and having a gate connected to said 

second terminal, a body of said second MOSFET being shorted to said body of said first MOSFET; 

a third MOSFET connected between said body and said second terminal and having a gate connected to said 

first terminal, a body of said third MOSFET being shorted to said body of said first MOSFET; 

wherein said MOSFETs are structured such that, if said body and said gate of said first MOSFET are connected 

together, the presence of said second and third MOSFETs reduces the magnitude of a maximum drain current 

in said first MOSFET for a selected body current in said first MOSFET by a factor of five or more, as compared 

with an arrangement in which said body and said gate of said first MOSFET are connected together and said 

second and third MOSFETs are omitted from the arrangement. 
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